•Assessment of BMD in patients with Morquio A is challenging.
Introduction
Morquio syndrome type A (mucopolysaccharidosis type IV A, MPS IV A) is an autosomal recessive lysosomal storage disorder caused by deficiency of N-acetylgalactosamine-6-sulfate sulfatase (GALNS) [1] [2] [3] . This deficiency leads to accumulation of excessive glycosaminoglycans (GAGs) keratan sulfate (KS) and chondroitin-6-sulfate (C6S) primarily in bone, cartilage, ligaments, and the extracellular matrix (ECM) [3] .
In patients with MPS IV A, even at birth, cartilage formation is disrupted, resulting in poor bone mineralization [4] . Systemic skeletal symptoms are caused by excessive KS storage and result in spondyloepiphyseal dysplasia, striking short trunk stature, cervical spinal cord compression, pectus carinatum, kyphoscoliosis, knock-knee, hypermobile joints, and an abnormal gait with an increased tendency to fall. Many patients become wheelchair dependent in their second decade and undergo multiple surgeries to alleviate serious medical complications [5] [6] .
Three studies report bone mineral density (BMD) in MPS IV A, all with limited sample size (n=2,9,2, respectively) [7] [8] [9] . Dual energy X-ray absorptiometry (DXA) was used to assess BMD in the studies. Both Rigante et al and Koura et al reported low BMD at several body sites measured. Lin et al reported normal BMD results after applying the height-adjusted Z-score (HAZ) method [10] used to correct for the height deficits. Subsequently, the use of the HAZ method for correction of BMD has been brought into question in the presence of skeletal dysplasia [11] .
Bone properties including shape, structure, and strength of bone are related to load and forces on the bone. The loss of BMD in medical conditions affecting the ability to bear weight such as cerebral palsy (CP), spina bifida, and muscular dystrophy has been described. Low BMD of the lower extremities as measured by the lateral distal femur (LDF) DXA is directly associated with lack of ambulation or weight bearing [12] [13] [14] [15] [16] . Henderson and colleagues described a strong association between low BMD at the LDF and fracture history [15] .
In this report, we describe BMD, fracture history, and ambulation in 16 unrelated (18 total) MPS IV A patients to understand the natural course of BMD. We hypothesized a higher prevalence of low BMD in these patients compared with normal subjects. Because of the limitations of whole body (WB) and lumbar spine (LS) measurements in this patient population, we also evaluated BMD by using another site, the LDF. This alternative measurement site applied to conditions affecting ambulation and spine abnormality is directly applicable to patients with MPS IV A.
Material and Methods

Subjects
In this prospective, cross-sectional study, we evaluated 18 patients (16 unrelated) with Morquio syndrome type A (13 females) ranging in age from 3.3 to 40.8 years (mean age 21.4 years) at our hospital. All patients were diagnosed by enzymatic assay. Current medical status (functional abilities, anthropometrics, Tanner stage, medications) and medical history (fracture, physical development, birth events, diagnosis, medications, surgery) were ascertained through questionnaire and review of available medical records. Ambulatory status was categorized as either full-time (able to ambulate without the use of an assistive device [cane, crutches, or walker]) or partial/non-ambulator (use of assistive device [walker or wheelchair] at school only or at the mall, or minimally able/unable to bear weight). Prior radiologic images, if available, were provided by subjects. Available laboratory results were reviewed. Height and weight measures were obtained at DXA scan acquisition, and height Z-scores were calculated using National Health and Nutrition Survey (NHANES) LMMS tables (accessed 9/5/15) [17] . The maximum age available (19.9 years) was used for patients over this age. The study was approved by the Nemours Institutional Review Board, and informed consent was obtained from all participants.
Bone Mineral Density Evaluation
Bone mineral density was assessed by DXA using a Hologic (Bedford, MA, USA) Discovery A model machine located in the Medical Imaging Department. The following body sites were scanned: WB, LS, and LDF. In addition, on adult subjects, the proximal femur (hip) was also attempted. The LDF scans were analyzed for three distinct regions of interest previously described [18] [19] Bone mineral density results were compared with age and sex-matched norms to calculate Z-scores using manufacturer-provided normative values for the WB and LS and published norms for the LDF [20] . T-scores, used in adult BMD assessment, are not reported with our MPS IV A adult BMD results because no subject is post menopausal or over age 50 [21] . For subjects older than 18 years of age, LDF Z-score was calculated using the oldest normative values available for sex (18 years). The LDF values for patients younger than the lower age limit of the normative data available for the LDF were excluded from analysis. Data are evaluated based on age (adult over 18 years vs. children). The DXA values of BMD more than 2 standard deviations (SD) below the normal mean, expressed as Z-score < -2, were considered abnormal. No height adjustment of BMD results was used because of the abnormal bone morphology seen in patients with MPS IV A. Since weight bearing is known to affect BMD, patients were grouped into two categories by ambulatory status: 1) full-time (F) ambulators and 2) part-time or non-ambulators (P/N). The BMD results are examined for the entire group and relative to the amount of ambulation.
Results
Eighteen patients (16 unrelated) with MPS IV A (13 females) were evaluated; average age was 21.4 years (3.3 to 40.8 years). Phenotype analyses based on height [5] were performed on all subjects. For the 6 patients with available genotype analysis, phenotype/genotype correlations were performed (Table 1) .
Four patients were undergoing enzyme replacement therapy (ERT). While every subject had the ability to bear weight, 9 were full-time ambulators. Of the 9 P/N ambulators, 7 were able to walk/bear weight but chose to use a power wheelchair full time for speed and convenience. Only 2 patients (both adults) were not able to ambulate without assistance and were unable to walk for over 50 yards with a walker. Only two fractures were reported and were due to trauma (hand slammed in door; femur from tripping while running with crutches) ( Table 1 ).
DXA Utility by Body Site
The recommended body sites to measure by DXA differ between adults and children [22] . In children, WB and LS are the preferred sites along with LDF in certain conditions. In adults, the LS and proximal femur are recommended. Use of LDF in adults has been described by Henderson and colleagues; however, normative data are currently unavailable [23] .
In the present study, we assessed the utility of DXA sites in patients with MPS IV A. Results for WB could be obtained on only 6 subjects (2 children, 4 adults) because of respiratory compromise caused by the position, the presence of hardware, or positioning difficulties. The WB was not well tolerated because of discomfort experienced by subjects when lying flat on their back; in a few cases, subjects were unable to breathe. The proximal femur was successfully acquired on only 1 of the 11 adults, but accurate analysis of the scan was impossible because of abnormal anatomy. The LS scan was successfully acquired in all patients, but, because of the abnormal shape and position of vertebrae seen in Morquio syndrome type A, the technical validity of the LS DXA was compromised and limited to 10 (55.6%) of our subjects (Fig 1) . The LDF was the only site at which all patients could be scanned, showing technically valid results ( Table 2 ).
DXA Results
Overall.
We were able to obtain WB DXA results on 6 subjects (5 full-time ambulators).
Average WB Z-score for the children was -1.6 (range -0.6 to -2.5) and for the adults was -2.2 At the LDF, BMD Z-scores were consistently lower in the P/N ambulation group at all regions and in children and adults (Fig. 1 18 years (partial/non-ambulator) and 26 years (full-time ambulator). The partial/non-ambulator had consistently lower BMD across all body sites measured than the full-time ambulator. Both subjects were untreated (Fig. 2) . 
Discussion
In this study of patients with MPS IV A, we have described the technical considerations of measuring BMD (Table 2) , reported BMD results (Fig. 1) , and evaluated the influence of ambulation (Fig. 2) .
Undegraded C6S and KS accumulation leads to alterations in the connective tissue and cartilage ground substance, distorting bone mass acquisition and perturbing the regular microarchitecture of bone tissue [24] . Histopathological studies have indicated that patients with MPS IV A present impaired bone quality because of distortion of geometric shape, collagen disposition in ECM, and remodeling, resulting in poor bone mineralization [25] [26] . As patients with MPS IV A age, they frequently decide to use wheelchairs full time for convenience and comfort because of bone deformity and chronic pain.
While we expected to see older patients using wheelchairs because of progression of the disease, in the present study, only our oldest patient required the use of a wheelchair full time. The elementary school-age patients used assistive devices at school but still ambulated elsewhere.
The high school-aged and older patients who were P/N ambulators opted to use the power chair for convenience (rather than need), foregoing weight bearing. Impairment or lack of ambulation corresponds with low bone BMD of the LDF in children with a variety of physical disabilities including CP, Duchenne muscular dystrophy (DMD), and spina bifida [12] [13] [14] [15] [16] . In this group of patients with MPS IV A, a trend of lower BMD in the P/N ambulators was observed in both adult and children and at all body sites measured (Fig. 1) . The full-time ambulators had higher BMD at all ages. Overall, BMD values of the patients investigated in this study were below normal at most sites measured, but there was wide variation in BMD results in both age groups. Younger-aged patients had some normal BMD Z-scores regardless of ambulatory status. The P/N adults showed no normal BMD Zscores.
There are more than 300 mutations already described in the GALNS gene illustrating the heterogeneity seen in this pathology [27] . In the present study, genotype analyses were available for 6 patients (Table 1) . Within this subset of unrelated patients, two female adult patients shared the same genotype (p.S287L/L352P). In these two patients, one was a FT ambulator, and the other was a P/N ambulator. The BMD Z-scores were consistently higher at all body sites measured in the patient who walked full time, despite the fact that she was older (26 years), than the P/N ambulator (18 years) (Fig. 2) . This finding suggests that ambulation provides a protective effect on BMD.
Despite the low BMD values and commensurate Z-scores, just two fractures from trauma were reported. Similarly, in two studies of MPS patients (I, II, and VI; II, VI), only traumatic fractures were reported in 1 of 8 and 2 of 40 patients, respectively [28, 11] . In typical healthy adults, the correlation of low BMD DXA and fracture has been established. Only one study exists describing the relationship between LDF BMD and fracture. In 2010, Henderson and colleagues described a strong association between low BMD at the LDF and fracture history in children with CP and DMD [15] . The relationship of low LDF BMD and fracture was not observed in our patients with MPS IV A.
In this study, height adjustments for DXA were not used for BMD because of the large height deficits seen in our patients with MPS IV A (Table 1) .When using height adjustments, BMD results are frequently normalized. This normalization of BMD results was reported by Lin and colleagues after using the HAZ method in 9 children with MPS IV A [8] . Fung et al also used the HAZ method in a group of children and adults with MPS II and VI and showed the same results-overall normalization of WB and LS BMD after using the HAZ method [28] . It is important to recognize that the HAZ method was developed for children aged 6 to 18 years with height deficits, under the condition of normal bone morphometry. Zemel et al describe that the shortest height used is -2.6 SD below that of the age-matched controls [10] . Polgreen and colleagues (2014) describe that the HAZ method is valid at the LS in patients with height deficits as low as -6 SD, whereas WB BMD results are overestimated in the same population. The maximum height deficit acceptable for the HAZ method is unknown.
Polgreen et al (2014) demonstrated that HAZ overestimated the WB BMD results, likely because of overall atypical bone geometry seen in MPS. For the LS, they determined that the HAZ method yielded valid results. However, this is likely due to fewer spinal skeletal deformities and milder height deficits seen in MPS I and II. While MPS VI patients have skeletal spinal abnormalities and height deficits more similar to those of patients with MPS IV A, it is important to note the average height Z-score in the MPS VI subjects was -4.3 (+ 0.6), whereas the average height Z-score in our study was -7.4 (+ 2.8).
The skeletal abnormalities seen in our patients were significant, particularly at the LS.
While we were able to acquire LS DXA scans, the atypical morphometry observed in patients with MPS IV A precluded valid use of the LS DXA in nearly half of our patients, and correct analysis required review of radiographic images (Fig. 3 & 4) . The DXA results summary notes bone mineral content is low in L1 and L2 with differences in area resulting in bone mineral density (BMD) variation. Total BMD Z-score (-1.6) is in the normal range for age and sex.
The WB DXA scan was not well tolerated, as described earlier (Table 2) . Only the LDF scan was feasible and well tolerated in all patients investigated in our study. The LDF analysis takes into consideration size of bone and adjusts the three regions of interest to the bone size.
The HAZ method has been validated for the WB, LS, forearm, and proximal femur, but not the LDF.
This study has several limitations including a limited sample size with wide range of ages (3.1 -40.8 years). By splitting the groups by age and then by ambulation, the results are limited by even smaller sample sizes within the categories. While this was a prospective study, we were limited by a convenience sample of patients seen at our hospital who were willing to enroll in the study-even being an autosomal recessive condition, our group was composed of 77% females.
Genotype information was not available on every patient, limiting our ability to perform genotype/phenotype correlations or evaluating BMD relative to genotype. Our evaluation of bone was limited to DXA, which is an areal (2-dimensional) measurement that has limitations when assessing a 3-dimensional object (bone). Using DXA to assess bone with atypical bone morphometry presents technical problems that must be considered when interpreting results. Use of other volumetric assessment techniques would add value to the study of BMD in MPS IV A.
While normative values are available for WB and LS within the age range in this study group, we were limited to the age ranges of 6 to 18 years that are currently available for the LDF. The age of peak bone mass for lower extremities is unknown and may exceed 18 years of age.
Despite limitations, this study has value in that we present BMD results for both adults and children in the largest cohort of MPS IV A patients to date. Furthermore, we report BMD DXA results at a novel body site for patients with MPS -the lateral distal femur. All images were evaluated and interpreted by a pediatric radiologist ensuring technical validity of our findings.
Conclusion
Measuring BMD by DXA in patients with MPS IV A presents unique and significant challenges when using standard body sites. The WB DXA was not well tolerated or feasible.
Anatomical abnormalities of the spine and technical limitations of DXA made use of the LS challenging. The application of height adjustment Z-score correction to BMD results in patients with significant height deficits and atypical morphology and should be performed with caution.
The Z-score LDF DXA was the most feasible BMD DXA measurement in patients with MPS IV A. On average, BMD was low at all body sites measured in children and adults, although there was broad variation. Full-time ambulation consistently was associated with higher BMD values at all ages. Fracture did not appear to be a major concern in this group of patients with MPS IV A.
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